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AI H’1’RAC1’:  A p] obabilistic me.thoclology  for evaluating failure risk, assessing service life, and
establishing design parameters for clcmcnts of mechanical, clcc.tro-optical,  or elcc.trotlic  system
has bcc.n ctcvcloped.  In this n]cthoctology,  al)alytical  modclli])g basccl 011 the ])}]ysics or mcchatlics
of failutc pllcnon]cl)a  is col]lbinccl with expcricl)cc  flon] tc.sts ancl scrvicc  to qualltify  failure risk.
‘1’]lc methodology is particularly valuable when infmrnation  on which to base cicsify) analysis or
failure. pl ccliction  is sparse, ullccrtain, or a~)proximate  and is cxpcnsivc  or ciiffic.ult  to accluire.
Sc.nsitivity analyses conciuctccl as a part of the probabilistic methodology can bc used to evaluate
altc]  Ilativc  measures to control risk, such as cle.sign changes, testing, 01 impcc.tions,  tlIcI cby
enabling limitecl pl-og[-am  ICSOUI  ccs tc) bc allcwatcci mole effect ivcly. I ixanlples  of failure pllc-
nomcna  to whit]] this n)cthociology  is applicable include. fatigue crack itlitiation, fatigue clack
growth, cl-osion, raciiatio]l  damage, and  wc.ar. ‘J’hc  probabilistic IIlctllodo]ogy  and an cxalnplc
a])plication  to fatisuc crack growth in a heat cxchangcl  tube are prcscntcct.

lN’1’ROl)UCYl’10N

‘1’hc  assessment and management of the. lisk  of
failure to mc.ct scrvicc  life, pc.l-fornlancc, or
rcliabilitygoals can bc improvcci  by using a risk
assessment approach that can incorporate in-
formation quantitatively fronl both c.xpc]ie.ncc
ancl analytical modeling. in the }wobabi]istic
f a i l u r e  l-isk assessnlc]lt  approacil prcsc.ntcci
hem, cxpc]-icncc  and analytical mo(iclitlg  ale
usxxi ill a statistical structulc in which ullccl  -
taintics about failure prediction arc quantita-
tivclytrcated. Such  probabilistic analysis  can
bcpcrformcci  with thcinfo]m ation availatdc
at any time cluring the dcsigll,  cicwclo})nlcllt,
vmification,  orsclviccof  mechanical orclcc-
honic systems to obtain a quantitative csti-
mateof failure risk that is\varlalltc.clL )yw’l)at
is known about a faiiure mode. ”1’hisprobabi-
listic  mcthoci  is applicable to failure moclcs
whit.11 call bc dcscritmc] by analytical models of
the failure phcnonlc]la, CVC.H  whc]l such mocl-
CIS arc uncertain or approximate.

IIy c.cmducting risk se]lsitivity  allalyscs  plo-
babiiistically for sclccteci fai lure moclcs,
sources of unacceptable failule risk can bc
icicntificd  a]ld corl-cctivc.  action can bc (icline.-
ate.ci. ])csign  revision, aclciitionai  cha] acte.ri7.a-

tion of loacls ancl cnvilonnlcllts, improvement
of analytical model accuracy, and  im]movc.d
characterization of material behavior arc
among  t}lc. options for controlling risk that can
bc quantitatively evaluated by probabilistic
sc.nsitivity analyses. lJsing results of probabil-
ity sensitivity analysis, test arid atmlysis  plo-
grams  focused on acquiring information about
the most important risk drivers can bc clcfillcd,
there.bycnabling limited  financial resources to
bc allocated nlorc  cffcctivcly  to contr 01 failure.
tisk.

Probabilistic faiiurc risk assessment can bc
cmploycci ia the, dcsigll,  dcve.lopmnt, and de-
sign vcrificatic)rl ])roccsscs  to avoid the conl-
])oun(ii]l~  of consc.)-vatistus  and margins  that
unneccssal-ily  incicasceost or weight. l>roba -
bilistic  analysis is of particular value in clcsign
cicfinition  and verification when ullecr(aintici
exist about imporlant governing paramctcrsor
when clcsign conservatism and redundancy
used ill the }Iast IllUSt  bc ICCi UCCCl to Incct  II1OI C
strinf,cIlt  cost, weight, or performance rc-
quil cn]c.nts.

A general app] each to probabilistic failure
liskasscssnlcnt ancl all a~)l)]icatioltof  tllcap-
ploacht ofatigucc rackgrowth  ina]lcat cx-
challgcr  tube ale ~)lcsc]ltcd irl the followinfi.
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lllfol  Inatioll  flolll  Cxlmic.llcccarl  becolllbillc.ci
wit}l i[lfollnation  frolll a[lalylical  ltlodclill~  to
c.stilnatc  fi~ilum l-isk quantitatively using tllc
a])~)]oacll s]lowII  ill ]~igulc ]. ‘] ’his al)}~loactl is
applied illdiviciua]ly to those. failulc IllOClCS

identified for analysis. l’lobabi]istic fai]ulc
]noclclilt~ is basecl o]] availab]c  kllowlccigc of
tllcfail[lrc.  ])llcllolllcl}o)l  allcl ofsucll  govc[-llill~
]):lra}]lc,tcrs  asloaclsallcl nlatcl-ial])l-ol)cltics,
allci it ]]rovidcsthc prior fai]ulc risk disttibu -
tiollofl;if)urcsl a11d2.’J’1~is ])lioldi stlit)Lltio1l
call  bc modified to lcflcct available suc-
ce.ss/failure clala in a IIaycsian  statistical analy-
sis. ‘1’llc ])1 obabi]istic  fi~ilurc I isk asscss]l]cllt
a])}woach showII in ljigurc.s 1 and 2 is discusscc]
ill (Ictail by Moore, c.t al. (l)cc., 1992.; Nov.,
1992.;  June., 1992; and 1990).
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l:if,. l l’robabilistic.  failure risk assc.ssmcllt

1 lx}ml-ie.llcc  can include ])hysical  parameter
illforll~atioll illadclitioll  tosllcccss/fa il~lrccl:ita.
IIlfol n)atioll  about ~)hysical  ])aranletcrs can be.
de.rivccl f[onl lncasurclnc.llts  taken du]ing  tests
01 sc!vicc,  fronl al]alysc.s  to bounci  01 cllarac -
tcl izc l]aranlctcr values, from a])]) licab]c  cx]w-
l-icllce with silni]ar  systems, 01 frolll labc)rato[y
tests. Mc.asurcmcnts  of l)llysica]  ])aralnctc.ls
used irl analytical n]o(ic. iillg, c.f,., tcm])e.raturcs
and ioacis, c a n  bc all ilni)oltallt info~lllatioll
soutccin  failure  liskasscssnlcl]t. l’hysical  ]>a -
Ianlctcl information is  illcc)[i)c>ratcci  into
])lobabiiislic  faiiulc lnoctciill~ a]lci is rcflcctcd
ill tile.l)Iiol  faiiurc risk distlibutic)l].

Succcs+/faiiule data call bc acxiui[c(i  flolll tcst-
illgor scrvicc cx})clicjlc.e..’lllc  faiiule  ]isk {iistli-
bution rcsultillgfroln  tllccombirlatio[l  Ofthc])l  iol
ciisttibution allcl the success/failum clata is tile.
ciescliption offiiiitlre.lisk~~;ilicll  iswaliantcci  by
tllcirlf(~]lllatioll  availabic.  Asadciitic)]lai il]foll[la-
tioll lcf,atciillp,~c)vc[llirl~,  ])llysical  }Iaia[nctcls 1x-
colncs  avaiiab]c.  i t  can  bc. incolim[atecl  into

analytical nlc)(iclillf, to chtait]  a l-eviscci i)liol
faiiurc risk ciistlibutiol).  Aciciitic)nal infol!ila-
tio[l ill tllc fol 1]] c)f success/failulc clata c:ill bc
l)t occsse.ci by tile. IIaycsiall  statistical analysis
o f  ]iigulc ] to  U])ciatc  tllc }Ilior failutc lisk
ciistribution usitlg the ])1-occdurc.  give.11 by
Moorc,ctal . (June,  1992anci  1990),
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l;ig. 2 l’lobabilistic failure mocic.liltg

‘1’lic allaiysis  proce.durcs  USC.C1 in l)robat~iiis-
tic faiiurc lnoclc.iillg, showlt  in l:igurc  2, arc
Ciil”cctly cicl”ivcd from Cictcrnlinistic  mct]lods
for aniiyscs of failure l[lodcs  which CX})ICSS
Pdiiulc.  palalnctcls, sue]] as burst ])rcssurc  or
fatigue iifc, as a function of govmling l)aralit-
ctcls 01 cil ivcms.  lior fatigue Pdiiwrc lnocics, the
cil ivcrs i[lcluclc ciinlcnsions,  ioacis, rnate.rial bc-
ilaviot,  lIlc)cici accuIacy,  anti e]lvilonn)clltal
paramctc.ls  such as local tc.rnpcraturc.s,  “lhc
ac.cu[acy c)f tile Inocicls aflci ~)]occciurcs  wseci ill
J)Iol]al)iiistic faiiu]c,  lnociclill~ slIoulct bc plo-
babiiisticaiiy  cicscI ibcci anti t[catccl  as a ciI ivc].
l)lobabilistic  cicscl il)tic)l]s c)f mocic.1  accuracv arc,
baseci on ex})cl icl];c ill using tile n)c)ctcls’a]]ci
])[occciurcs,  a!ld w’iIc.11 avaiiablc,  011 tests colI-
ciuctcd slwcificaiiy to c.valuate theit  accu] acy.

A ciIivcr  fo] w]licil uIlccItai[lty  is to bc colI-
si(ic]cd  Inust bc chaiactc]izcci by a l)lc)t)abiiity
clistlibutiol)  cwcI ti)c lal)~c  of values it call
asslltI)c. ‘1’iIat ciistl ibutioll  cx})Iesscs ulIcc.I  -

tainty I-cgaIciing s})ccific  ciI ivcl vaiucs  witiliIl
ti)c. I aIl~e of possible va]ucs.  A citivcI IN olNi -
biiity  ciistlibutio]l  ]nust rcpcsent both illtri]l-
sic variability of the cirivc,  r anti ul]cc.ltai  I)
kllcnvicdf,c  C) I ii)llitcci itlfc)]matiol) 011 w’i]ici)  to
base tilc(ilivcr ci)a]actc]  i7atiol)
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S t o c h a s t i c  cil-ive.m  a]c cllaractcrizc(i  by

tmillg tile information that exists at tl]c time of
analysis. If cirivc. t in forlnatioll  is s~)alsc, tile
p] obabilistic  characterization of such a rtrivcl-
IIlust lcfic.ct  tl]at  s])arscllcss.  If cxtcllsivc  c.x-
])c.t imental ]NcastiIcIIicIIts  h a v e  bc.cll ]JCI--
folmcci fol a  (ilivct,  i t s  nominal  vaiue  a]l(i
cll:tla ctcli7atio Il of its valiabiiity  can be ill-
fcl i c(i ciil cctiy flom  c.m~)ilicai  daia. 1 Iowevct,
if liltlc 01 llc)clit ccliy:ii~l]l icti[)lc cllli)iricai  ciata
jsavaila[)]c, alla] ysi5t0~i):llactc.Ii  z~:i(iIi\~C.I 01

cx])c]ic.l)cc. w’itl~ simiial 01 ICl:iie({ Systcllls

IIlust bc usccl. l)livcr distriL]utiolls lnust l~ot
ovcmtatc tllc. precision  ilnl)licci by tile avail-
able iIlfolnlatioll.

Solllcgcllcral gtliciclil]csfol  Cilar:ictc.lizillg
stochastic cirivcls  have clI)c Ip,cd  flom case.
stuclics  coIIciuctcd to elate. asg~vc]l ill MOC)IC.,
c.t al. (Nov., 1992 anci June., 1992) .l:olcilii’e.ls
w~llic] lhavc])llysical boullcis,sucll  asco]ltloilc.(i
clilllcllsiollsol  loaciswitil  pilysicaiu])l)cl  lilllits,
tllc.llcta ciisttibutioll  ])aramctclizcci  with loca-
tion,  shal)c., anti scale I)a]ametcls has Iwcl]
succcssful]y  oscci. If ollly bou]l(is atc kllowll, a
lJllifc)rlll  ciistlibutiol~  i s  :ip~)ro]lriatc.  l~oI a
cirivm W]1OSC variatio]l  catl be tl~oup,i]t  of  as
clue. to tile. combillcci illfiucllcc  c)f a ialgc. IiuaI-
bc.r of small inclc]]clldcllt  cffc.cts,  tile Nollna]
(iistliL)ution can L)c u sed .  l’as[ cx~)clic[lcc.  ill
chalactcriz.ing  a particu]at dlivcl: such as a
IIlatcrial  ])lopcIty  may sup,p,csl  tile usc of a
pal[icu]ar Clistrit)utioll,  for c.xamplc,  \Vcibull,
Nolmal, o] 1,ogno] real.

A1lyl)cl ljalalllctt-ics trllctlllcfol  dlivcl  (iis-
t]ibutiolts has been  found  uscfui  in Cicsclibillpj
available. ill fomlation about a cl]ivcI. ]:or cx-

am})lc, tc) cllaractcrizc.  illl)cr  wall tc. mi>cratul c.
ullccllainty fortilc llcatcxclla Il~cl tube,  infol -
mation  flom cllgillccl”illf iall:iiysisji’as usccl to
c.stablisil ul)lm]r~]lci  lo~’c~l” t)ollll(is fo]”tl]clllcall
tcllll Jc.latllt c. Iliorcicl-t  cJcal>illtc tllcfidct  tilat
t IIc ]hc.a It value. of tcm]mt  at{lm was not k]lowi)
w’itil ccltail)ty,  tllc lIIC:III  value  was rc[)rc-
sc.lltcci  L)y a U]]iforll~  ciistlit]utioIl  bctwcc]~ tlic.
u])}]cra]lci  IOWC.I  t)ou Ilcis.’]his  LJ]lifoImclistIi-
t)utio]l is t}lc l]y[)crciis(]i[)lltio]l  assc)ciatcci will]
tllc Itlcall tcmj)i.raturc.  lIIICC1 taillty,  :i]Ici its ])a-
lalnctcls aIctllca ssc)ciatc(i I]yi)c]}]:it:lll]ctc]s.

h40]]tc  ~arlosiInulatioll  has bc.cII USCC! a s
tl}c])ri I)ci]]al  co]n])utatio]lal  lne.ti)oci  ill ]IIoba -

bilistic. failutc luodc.liI\~,  bc.cause it is a g,c.I\cI al

]Ilcti]c)ci  that CaII be ukci witil  fai lure lllocicls
ofall}' colill)lcxity.C ;olllillll:li  iyillclc:lsit  l~,colll-
I)utcr  ]mw}cl  ciuc t o  iIn]]]ovillg  iIaIci\vaIc.  arlci

sof[warc i s  stca(iily cx]mlldill~ tlic I)lacticai

ap~)iicatioli  of Mo[ltc  C2itlo silllulatiotl. l~ffi-
cicllt  Mcmtc Gwlo tc.chniqucscan bcmcct to  -

lcCiucc the nllmbcr- of simulation trials WlICII

complltatioj]a]  time is an issue. C;crtail) analy-
sis lnctllocls  suc]l as fillitc-cJc.mcllt  st)uclural
mocicls, may bc toe) com]]utatiollally  illtc.llsivc
f o r  ])lacticai  use, in Mol~tc Carlo sia]u]ation.
1 lowcvc],  the output of these mocicls can  bc.
Ic.f)l-csc.lltcci  as lespollsc sul-faces OVC.I the
lallfI,c of valiatioll  of sifylifical]t  ])alalllctcrs,
sce.h4001c, c,tai. (I)cc.,  1992) .’I’1lc tltlccltaill -
tics c~f rcs~lc~rlsc su~ face Ic})le.selltatiolls  IIlu.st
be tt catcci as drivels  if si~[lificant.

Altcl hat ivc computational mcthocis,  for ex-
allll)lc,  l~OILM/SORM,  scc MadscII,  et a l .
(19 W), laay fail togivcacclllatc  rmults for
l)roblcms ia w h i c h  Sif,nificalltly  IIolllitleal
IIlodcls :i] c. cIilplc)yc.ct anti cll-ivc.r  u[lcc] taillty  is
lal~,c.. (lmputational  mcthocis  a~c ciiscwssccl
ful thcl  L)y hfoorc,  et al. (1990).

3 ]’]<C)]IA]]]I  ,lS’J’l C CRACK  GRC)W1’1  1
h4[)l)l{I,l  NG

1 n the crack f,[ owtll analysis pl-c.sclltc.ci IICIC, the
Iifc. of a st~uctule  with initial  flaws which is
subjce.tc.ci to cyclic loaciillg is Coml]ulcci JMo-
babilistically.  ’lhc. clack  gtowtll][locic]  uscc] ill
tllisallalysis  ca[icollsi(lcr  loa(lscllle  tovit)ratioll,
tc[llJ)cr:ltllrc  ~radic.llt, and  ])lcssure.A  hlo~ltc
Gil-to sitllu]ation  ]M occciurc,  shown in ]~i~tirc  3,
w:is used tocaiculatc.  a life.ciist[ibution.

A cictcllniJ]istic  crack growth failure. ]acdcl
is cmtmclcicd  witllill  ttlc. simulatioll stlucturc.
‘1’t]c failure mocicl C.X[)ICSSCS  crack gl owtll life
as a functio]l  of cl[ivcls  wllicll  maybe cit}lcl
clctcl-lili llisticol  stochastic. ‘1’llc  cirivc[s Consist
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o f  gco]nctty, Icmcls, c]]vi  Iol LIilcIltal ]Jatalllc.-
te.ls, material ~nopc.1 tics, and  accu] acy factol-s
w’llicll accoul)t  fol unc.crlailltjcs  itl tllc clack
fy ow(h analysis.

‘1’hc ~,cnc,ra]iz,cci l’OIIIIaII  moclc],  NASA./JSC
(1 986), was CI1OSC]I as tllc. basis fol tllc stoc]las-
t i c  crack p,[ow[]l Iatc ]nodc].  ‘1’llc IJollnall
cc]uatioll  is

da ~;(l-R)n’ A~ [ A K -  AK7}/]r’ (1)

iiN ’-” [ (1 --f{)Kc  - AK ]~

ill wllic]l da/dNist]lc clack g,[owth rate., AKis
tlic stress intensity fa’ctor ]a]lgc, AK7}I  is ttlc
tlllc.sllolcl  stlcssi  ntc]lsityf  ac(oI-ra]l~c, KC is tllc

critical slrcss intensity factor, /{ is tllc stlcss
Iatio, and  ~, n, m ,  p ,  arlcl q alc tllc lIlcJclcl
])alalllctcrs,  ‘1’llc gc.rlcl :iliz,cd l:olmall equation
c.a])tiJlcst llc.clackgl o\i~tllL)cl]avio~  il)alloftlle
fyowlh  rate. lcgimcsj  and it can bc cxtcnclcc] to
a stochastic c1 ac.k g! owth rate mode.].

]ialiguc crack ~rowth  rate clata abcwc 10- 6

mnl/cycle ancl below 10-2  Innl/cycle do IIOt
cxllibit  a lal-~,c. amoutlt of Iifc variation. ‘J’tlis
call bc secll by cxan]illill~  tl]e cxtc.])sivc d a t a

sc.tsof Vilklc.r,et  al. (1979) a)ld GIIOIICIN, ct al.

(1987) ill wl~icll,  for the same initial clack  siz,c,
the Iatio betwe,cn  the shortest a]lct lol]r,e.st  ]ifc
is typically much less tllall  two. “1’llis vatiatioll
in the mid-rate rcgioll  is small coml)al-ccl to the
life.valiatioll that may occ.u] duc to unccrtairlty
ill otllc.1  pa~ametcrs such as AK7}I,  stresses,
initial clack gc.c)mctryj  etc. Many cIn])ilical
da/clN vs. AK plots founcl in the literature sc.cm
to su~f,c.st  that crack growth latc ciata scattc.1 is
IaIf,c, but  the aplmrc.ntly  larp,c scattct is an
al [ifact of data gathc.lillg  allcl data lcductioll.
IIy comparing the low val”iability in lives to ttlc
lnucll lligjlcl- scattcl- ill growlh  t atcs  dc] ivcci for
tllc same clata it) Virklcr,  c.t al. (1979) allcl
GhoncII~,  c.t al. (1987) it may bc semi that local-
iz.cd p,l-owtll I ate scattcl is ]lot sigtliflcallt.  ‘Ihc
gcllmalizccl  l;o~lllall moclcl can be easily cln-
]Iloycd to ]nodc] variability of crack p,rowtll  t atc
ill the Inirt-l:itc. region by stocllastical]y  valyillp,
C i]) ILquatio]l ?, altlloug,h for ttlc rcasolls  ou[-
linccl above it was dcc.mcd ul~])cccssaly.

III contrast to tllc clack pyowtli ill tllc nlid-
late. ]c.gion,  uacc.r[ai]lty  it] tl]c lli~ll- and low-
f,towtl] late lcgiolls  call [x si~llificant  duc to
both illtlillsic gtowlll  rate variability altd lack
of i[lfo[matio]]  ill tllcsc  [cgiol]s. “I”lljs UIICCI.

tainty  may bc Ic})tcsclltccl  ill tcrlns  of the val-
ues of AKTH and  Kc which arc asymptotes to
tllc clack ~rowtll Iatc cuIvc  at its lower slid
upl)cl emts,  re.spe.ctivcly.  Unccr(ainty  a b o u t
these asym])totcs  is mactily ca]ltut-c.d  by using
two stochastic scale parameters AKTH atld AKC.
2K7~l  Inodifics  tl]c Ilomiilal  vaIuc.  of t}lc 10WCU

asyml)tote  AKTH ancl 2KC shifts the, ui)])cr as-
y!n])totc (1 - R) KC. “1’lIus,  the stochastic clack
f,rowth I-ate cquatiol~ is p,ivcn by

C/a C(1 - R)n) AKn [AK - ~K7}{ AK7t/  ][) (2)
_dN’ -

[(1 - R) ~Kc Kc - AK]Q

‘1’llc unce.t tainty  ill 2K71{ allcl 2KC nlay bc ctlal  -
actct imd  by ~~rolmbility  Clistributiolls, 01 they
may bc tl catcd pa]-amc.tlical]y as was dollc  ill
tllc allalyscs  ]Jrcscxltc.cl  hcl c. lii~UIC 4 slIows
the cffc.ct of perturbing 2KTH  and & in the
growth  l-ate 1 tquatiolt  2.

-do
dN

Ax,,,  = o /

\ (
.,.7,.*

,, >-;.
. / ,

,.-,’,”/’,,,’
.-” ’ ,, ;,

/ Ax,,, = 1.0
,,- ,

/’ ;. . .

[,, ,
h,,{

l;ig. 4 1 )CSCI iptio]] of tyc stochastic clack
fyowlll  equation ill log-log s~,acc.

As SI)OWII  ill l;i~ul c 3, tllc recall  clack~,[owlli
]atc cquatio[l,  w’llicll is an input  to tllc ctack
cl owtll Inocjct, is typically dctcrmincd by l)cl--
fol riling a rcgrcssioll  ON clack  growth data.
‘1’hc  l)alamctcls  C, m, n,p, allcl qalc estimate.c]
by a Icast  squares fit of the gt owth late liqua -
t ion 1. If the.1-c is utlccrtait[ty  duc to s~)arsc.rlcss
ofclata,  01 ifttlclnatc]ial test conditic)llsclo  not
close.ly rclwcscnt  the componc.nt o})cl-atillg  crl -
vitolllncllt,  son]c of tllc other cquatioll }]alaln-
ctc.1s Illay also bc rnodclcci  stoc.hastically.  l;O1
cxaln])lc, if clack  f,towtll  rate data wcIc to bc
only available for a silIf,lc slrc.ss ]-atio  R, the
UIICC] lai]tty ill m coul(i bc ca])tu[c.cl  l)ydcsclit)-
ill[: m stochastica]ly,  based  011 values obsc.Ncd
fo[ silnila[  Illatc]ials.
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I;iK. 5 lilowchart  for clack  gIowth  C.alculatioll

4 CRACK GI<OW’lY  1 CAI C(JI .A’1’1ONS

‘J’hc ]mxcduIc u s e d  f o r  calculatin~ clack
:,rowth isshowll ill I:iSulc. S. 111 tllc h e a t  cx-
c.hallgcr tube, vilwatiml loach arc ]wilnarily Ic-
s})onsih]c  foI- clack  gI OWIII  w]lich cal] result ill
s.t]uctulal  failutc. ‘1’llcvil]~:itioll cllvilollmclll
w a s  lcpl-cscntcd by ])owcl s]mclral  clcllsity
(1’s1)) Cmmlopcs.

‘Ihc allalyscs  of loads  and sttcsscs foI t he
heat cxchangcr  tube. anti the crack  glowth  cal-
c~llatiolls  alc.clc.scli~je.(]  indctail  by Moo]c.  ,ct
a]. (I)c.c.,  1992. ancl June,  1992) aIIcl surl~ma-
Iizcd by Sutllalsl~a]Ia,  ct al. (1991), A SIICSS
}listoly duc to ciyllalnic load scJLI]ccs was syJl -
tllc.simxl  fmm  lhc PSI)  cnvclopcs.’llic  SIIC.SS
cycles w’c.lc obtai[lccl  by [)clfolmillp, [i cycle

5

count cm tl~c synthesize.c! shess time histoly
usillf, tl]c lainflow cycle cc~ulltillg mctllml.  ‘Jhc
loacl intcvacticm  ill fyowth  calculations w a s
accountc.cl fo)- by  usillf, the.  gcllclali7.ccl
Willc.llbol~  lc.tardatioll IIIocic.1,  SCC. Galla~,cI
(1974).

Sil~cc ttlc t]actitional cycle-by-cyc]c clack
p, IowilI life c-alculatioll is colllputationally  in-
tensive., al] cxtrcIlicJyfast  yet accurate tdock-t)y -
blod aplmach first intIociuccd  by II)ussat
(1974) was USCCI.  III tllc block ap~woacli,  a block
f,rowtll  late.  da/dD  is ca]culatcd at  dist inct
clack lcj~p,tlls, stattillg from tllc initial crack
lcm~th ai to tllc final  IcllStll al, by summing  t}lc

CI ack fy owth  t“atcs da/dN  from I;quatioll 2 that
collcsl)ond to AKef(  a;lcl Rcfl fot c.acll stlc.ss
le.vc.l in the. load  blc)ck,  as follows:

cia 10~ d a
cm ‘ lo~ dN ‘i

i= 1 i

(3)

iI] wllicll  llj is tll C ]lU]llbCI Of CyCICS at tll  C. itll

strc.ss  level. ‘1’llc  life is com~)utcd by llumc.l-i-
cally ilitcg[ati]lg,  tllc inverted rate. per block
bctwccn the initial a]lcl fi]lal crack lcnpth,  ‘1’hc
life in scc.oIIcis  is

a,

r1 ‘ ~gro  1. i-$$lj
8/

. .

(4)

ill wllicll Agro istllcl]IlccI [ai]ltyi Il tlic. glowlh
calculatiolla]]cl 7ist11c  lcn~tlI  ofaloacltJlock
in scco]Icls.  ‘1’his calcu]atioll  is pcrforme.cl as a
s[l I]]]l~atio]l o\~c]tl ]~cclLlallycii \~iclcclNcRf  clack
lc.nf,ths, as follows:

(5)

‘1’}Ic  Sta]lclatcl st]css illtcllsity  factoI  solutioIl
fol a scnli-clli})tic  crack in a finite w’iclth l)latc
subjc.ct to axial  a]ld t~ellclillg  strcsscs was cm-
l)loyc.cl to calculate AK for tllc llcat cxcllallgc]
tul>c.  ‘]”llC  tCIllllClat LII” C. cliffeIcIlcc  ac]c)ss  tllc!
wall of tt]ctutw(colcl  i]lsictcaliclllot outside)
il~c]uccs si,ry]ificallt  tllcI Inal stresses ovcl tllc
tl]ick]lcss,  whcm valiatio]]  actoss tubs tliick-
I]essissi]nilal  totllat oft~clldillf,  strcsscs.  Sta 11 -
da[cl  stress i]ltc  Ilsity  factor so lu t i ons  fc)l



cylildc)s with radial uacks, subjcctcd to bclld  -
inp, slrcsscs over the thichlcss, aIc. IIot avail-

able..  “J’hc S1l; cxpIcssions  usc.d iIl this analysis
ate. ~,ivcm in NASA/JS~ (1986).

(rack growth ]-ate  data from Rocketdync
(1989) were available for tllc hc.at cxchangc.r
tube material at stress ratios off{ = 0.16, 0,7,
aucl 0.9. ‘1’llis  clack gtowth  ciata  set was cln -

})loycci to cicrivc tllc paran]ctcts of tl]c stocl)as-

tic l:oIfnall ]Ilocicl given above.

Talk. 1. IIc.scription  of drivels uscci in the
llcat c.xcl)allgcr tobc. analysis

l) RIVIX l) Is’I”I<IIILJJ’ION RAN(;I  ‘.

lni(ial  crtick size a,, nln] Itxcd 0.02$10
0.19

[Jnifnrll] .? 101.0

l ,M cj - 0.0 to 1.0

lni[ial  clack  shape cI/c.—

“Ihrcshold  slrcss  inlcnsily
faclor  racrgc accuracy

faclor  IEI,(

];r~sc[urc  10LIE,hiYS

amwrwy  fac(or  l.j(<

lixcd 0.0101.0

Sinusoidal load1:] on] among  the loacl, dimcnsiol],  allcl cllvi-
ronmcnt parameters that appear - ill the ci ack
g[owth  analysis fol- the hc.at cxchallgc.r tube,
tlillctccn pal-a mc.tcls  were dcscI ibcci l)rob-
abi]istically.  l:ivc  of tllcsc I)alamctcls account
fo~- analysis Inodcl acculacy.  ‘J’llc.sc. palamc.-
tcls, i.e., cI1ivcrs,  ancl thcil  pl-ot)at)ility clistl ibu -
tions  ate given in ‘1’ab]c 1.

‘1’hc initial crack s}lapc aslwct  latio a/c was
Icpl  c.scmtcd by a Ullifol”fll  Ciistl ibtlticm wi th
cnd points of 0.2 and 1.0. ‘1’lic clack  ~,colllctly
was  t hen  cicfincd  by tlcating  initial clack
lcllgtll  al paramc.trically.  1 ,ifc was si]llulatcd
with tl]c valoc  of aifixcci at 0.025 mm, 0.063 m111,
0.13mm, ald 0.19111111. I’hc clack  shaim  ciistti-
butioll  was based OH al) assessment of the crack
as])cct ratios tilal COuici rc.soi( florll tile IIcat
excllanf,cl  manufactul ilig ploccss.

“1’hc ]lCat C.XChallgC1”  tUbC  WIii  tllickllc.ss i s
nominally 0.312111m, which lc.ads to the con-
CCI II that “SI1OI 1 crack” t)cilaviol- may bc rclc-
vallt.  Sholt mackgrowtil  Iatccu]vc.s  ilavcbc.cll
obsclvc.d by Morlis, ct a]. (1~83) [lot to ilavc
cicfillitc  tiwcshokis.  If a thlc.siloi(i exists, it is a
collscwalivc assullli)tiorl  f o r  tllc. lillea~ sc&-
fncf](  of the culvc ill tile mi(i-rate rc.gioll to bc
cxtra])oiatcd  dowl) into the thlcsi~olci  lcgioll.
];ixin?, ~K711 = O i[l the stochastic ](ormaf]
c.ciuation accomplishcstilis, assllowll  il~ l;if,ulc
4. Anaiyscs  WCI”C  })crforlnc(i  witi] vaiucs  o f
lK~lI at 0.0,0.1,0.2, etc., to stu(iy tllc. ilni)act of
tile ti]rcsiloki  ioc.atioI]. Since. :,1 mvliI is ill  Iiic

low Iatc rcgio]l, tllc (ilivcl AKC is not rc]cva]lt,
and its value was fixc.ci at uliity.

‘1’ilc. stlcss illtcllsity  facto]  caicuiatiorl  accu -
Iacy facto]  As.jf  accounts for t}lc C1101 iIl tile
stal)(ialci stIc.ss  intensi ty facto] solutio[l  :illd
tiic utlccltai]lty associatc(i  wilil c.ln])loyillg a
fitlilc. wi(itil ]Jlatc. so]utioll  fol a clack  ill :i

l~:’v’J)t -
Unifom .5101.5

acfjus[rncnl facmr

b/hJUm//M/.

Acrodynan]ic  Ioxf fac(or

‘A [:h’{)[)YN

Acrcm[at ic kmd fzclor

lAI:I<O.W

llnifnrrn .8 [0 1.2

Inner wall tcmpc  r.tture
7i  (w)

ou(cr  wall Icn]pcralurc
70 (%)

ln[ern:il  pres$urc p,, hf[~i

{

~yyo ‘ 1 4.79 m
4 w

O - lJniforn]  (.5, 20)

lnncr  dm[llclcr  1),,  njnj

{

l{c[a  (,n, o) 1 0.2910
p = .?7 0.40
0- Uniform (.5,  20)

Llniforn) .8 m 1.?

\\’all  lhickncx  f, n)nl

1 )ynnnlic  slrcss  analysis

CICC1lrdCy  f4C[0r ~[)~N,(r

S[nlic s(rcss  analysis

nmwracy f;lclor l,~y;,r

Llni(or[]] .9101.1

[lr)iforn) .9101.1

(irmcth  Calculation

nccurq Jacmr AgIO

LJnifnrll] In Lti 10
In 1.75

Ncut~r’s  rL1!C  accuracy

kc(or AncII

(Jniforn] .6101,4

M’ckf  c~f[.set slrcss
c<mccnlralirm  accurdq

faclor  l~j[:[

LJnifc)rn] .810 1.?

cylin(icr.  A LJnifc)] Ill (iistribotio]l  was uscci fol”
l~if wilil a range. of 0.9 to 1.1. ‘l”ilC p, I’OW(ll

(r



calculation accuracy facto] ~r,(, ac.coulils fol
ul)ccl-lainlics  ill tlic block-by-block fyowtll cal-
culat ion allct in trallsfol-lllation  of a val-iab]c
aln}llituclc. stl css histo]-ytcr  a constant  alnplitudc
stl css vs. liumbcr  of cyc.lcs table usirl~ rairlflow
cou]ltills.  lkidcl~cc in the Iitc.l:itu]c  j]ldi~atc.s

tllfit  factom  of two bctwccll  tllc ca]culatc.d crack
glcm’tll  life ancl tests alc a]q)lo}miatc. Silicc
clacJc jJ1-o]>af,atioll is tllc Icsult  of a Ilunlbct  of
multi] )licativc  events, tile. Clisltibulio]l  OJI 1gr[)
was s]mc.ificcl ill log s})acc. A lJ1liforn~  clisttibu-
tioll w a s  usccl w i t h  tllc. 10WWL tmullcl sc.t fit
hl(l/2), lllol-(lcI  foI”thc  nlcallvahl  co fag, oto
bc 1.0, tllc u}q)cl  bound  was set at 111(1.75).

‘J’llc]]cta  C]istl-it)lltiolls  cllalactcli  zillgllCat
cxct)allgcrt  llbcclilllcl)siollsi ll’I’atJlc  1 alc}m -
ranlc.tcrizcd  by location, scale, and Iangc  ]m-
ralnc.tcus which arcxiven  asp, 0, allcl tllc CIICI
poitlts  of the rallgc,  rcs]mctivc]y.

61-U’,SIJ1 ,’J’S

l;igulc 6 }wcsents  the left-hancl tail of tllc sinl-
ulatc.d failure. distl-ibution  fol- the heat c.x-
changcr tube.. ‘1’llc  ordinate of these gr-al)lls  is
tllc failure Jwobabi]ity.  ‘1’hc  abscissa is tlIc Iifc
ill scc.ollds for crack growth t}lrou@ the tliick-
llcss  of the heat cxchangcr tube. l;i~utc 7
i]lustiatcs  the effects of the clack g,rowih
tllrcsllo]d  and initial  crack siz,e. o]l Iifc. at a ().()01
failure. l)t obability.

Oi = 0,13n,  ni,  ,lXl,,  = O, ){’oEt  k 6%,
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l:ig. 7 CYack size allcl gl-owth  tilt-cshold effects

‘I’hc. results ill l~i~urc6aregivcIl  forallinitia]
clack  siz.c al = o.13nlnl AK7~/ = o. “1 ‘he. ICft
cuwc labc]ccl “al]  Ctrivcr variation”  i$ for a
sin)u]ation  WliC.I-C all t]lc drivers WCIC allowed
to vary cxcc~)t al, ~K71/,  anct AKc. “I”hc “nolninal”
valucs]lowll  01) tllcgla])h is forallarlalysis  with
all the cltivcrs  fixed at nominal values. Me.a -
surcs of tllc, relative itnportal]cc  of irldividual
cllivcls  al c Sivcll in the upper left corllcr  in
l:igurc  6. l’hcsc. WC.IC obtained by finding n~ar-
ginal  effects  of dl-ivcr  uncertainties usi[ig scv-
c.]al sensitivity I uns, whc]c o])c clrivc.r was
allowed to vary while tllc rest WCIC held at
]lomina] values. ‘J’lIe  crack shape and the
~1 owtll calcu]atioll  accu]-ficy  arc the most inl-
})01 tallt  dt ivcls  with a 90% conttibutiol]  to
clc.ctc.asc ill life. ‘1’l]c I-igllt-hanc]  cu~vc irl I;ig-
UI-C 6 shows the shift to t}lc ]cft dllc  to t]lc
valiation in tllc clack shal)c. a]lcl ~IowtlI  calcu -
latio]l acculacy.

l:or this Iicat  cxclla]lg,cr tube aj)])lication,  the
uncc] tail~ty clue to ir)con~l)lctc  knowlc.dgc  and
limitcct inforlllation  conccrllin~  tllc acculatc
C]laractcliz,ation  of alla]ysis  mc)c]c]s a[]d ]I]Iys-
ical cllivcl I)alalnctcls have a mucl~ lalp,cI iln -
~mct on failulc Iisk thau dots  any itlt[insic
})alanlc.tcr variability. “Jhe information avail-
ab]c was illsufficicllt  to meaningfully cllarac-
tcl-izc initial  c1 ack siz,c and tllrc.shold stress
intensity factol for “shol  t cracks”. C;oIlsc-
C]uclltly tllc.sc i]ll])or-tallt clrivct”s wcIc  tl c.atcd

7
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]M]anlc.t  IicrIlly  ill c,dcr to sllcnv tllcir inllmc-t
OH crack growtt~  life and to better clcfine infor-
mation that is nccctcci  to reduc.c.  failure risk. A
tradeoff bctwccn  knowlcd~e  of initial crack
size. and knowledge of short crack thmhold
stress intensity factor, conctitionc.d on the un -
CC. I taintics in otllcr dlivcrs,  can bc illfcn cd
fronl the rmults shc)wl] ill l:igulc ‘7. ];or a con-
scrva t i vc “shcwt crack” tlllcsllolcl  (AK7}, = O)
assumption, inspection techniques that can
dctc.ct 0.13n]n~ initial cracks with hig,h lcliabil-
i ty al-c rcquiml to achicvc a life of about
3 x ICJ4 sccondsat  0.001 failulc ]wobability.  On
tllc other hand,  if mom  I-cprcscntativc  crack
f,l owth rtata call bc gcncratcci  that can I cliably
establish a nonzcro  g r o w t h  t h r e s h o l d
(AKT), > O), then tllc rcquircnlcllts oll tllc ill-
sl)c.ctioll may bc rclaxc.ct  wllilc  acllicvill~  tllc
saTnc life at 0.001 failu]c ])lot)at)ility.
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